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Behavior of arc spots was investigated in detail using a nanostructured tungsten specimen with different
thicknesses of the nanostructured layer. From the observation using a fast framing camera, it was found
that the velocity of the arc spots signiﬁcantly altered as passing the boundary of the two layers. The
changes in spot velocity and spot width were discussed theoretically using the ecton model. The fractal
dimension of the arc trail evaluated by using a box-counting method was signiﬁcantly changed. Also, the
width of arc trail was increased with the nanostructured layer thickness. From the SEM analysis of the
specimen, the amount of tungsten eroded by arcing for two different thickness cases was estimated,
and the erosion rates were discussed.
 2014 The Authors. Published by Elsevier B.V. This is an open access articleunder the CCBY license (http://
creativecommons.org/licenses/by/3.0/).1. Introduction
Vacuum arc phenomena have been used in many applications
such as switching devices in power system [1] and a thruster in
aerospace engineering [2]. The vacuum arc has also fascinated
many researchers for its characteristics including current concen-
tration, cathode spot motion, and grouping features [3–5]. More-
over, arcing has been recognized as an important issue for
nuclear fusion studies, because it can enhance the erosion of plas-
ma facing material [6]. Recent studies have revealed that ﬁberform
nanostructures were formed on tungsten surface when the surface
was irradiated with helium plasmas [7,9,10]. It was also reported
that arcing could occur easily on the nanostructured tungsten with
transient heat load even when the power was sufﬁciently weaker
than that accompanied with transient events predicted in fusion
reactors [8].
Regarding the motion and the characteristics of the arc spot, it
has been recognized that there are several interesting features
such as, an arc spot grouping, motion in a magnetic ﬁeld [11],
and fractal properties in time and space domains [12]. Concerning
the fractal properties, it was shown that the arc trail in magnetized
plasma had self-afﬁne fractality [13], whose dimension alters with
the magnetic ﬁeld strength [14]. The fractal nature was discussedwhen the arc spot gathered together making a group in magnetized
condition [14]. Concerning the motion of the arc spot, it is gener-
ally known that the arc spot in magnetic ﬁeld moves in retrograde,
namely j B direction, and the velocity is proportional to the
transverse magnetic ﬁeld [15,16] and arc current [17]. Recently,
the motion of the arc spot on nanostructured tungsten was
observed and its velocity was evaluated [14]. Besides, the depen-
dences of arc spot velocity on magnetic ﬁeld and arc current with
uniform nanostructured electrode were investigated [18]; the spot
velocity altered signiﬁcanyly even though the magnetic ﬁeld and
current did not change [15–17]. It was argued that the velocity
was strongly dependent on the grouping of arc spots; it was sug-
gested that the arc spot grouping could be one of the prime param-
eters to determine the velocity of arc spot [18]. However, it is still
not entirely clear whether the arc spot grouping depends on nano-
structured surface condition and the velocity depends on grouping
width.
In this study, we use a tungsten specimen, half of which has a
thin nanostructured layer and the other half has a thick nanostruc-
tured layer. From the consecutive images of bright arc spot observed
with a fast framing camera, the velocity of the arc spot is evaluated,
and the dependence of the velocity on arc spot grouping is dis-
cussed. The cross-sections of nanosturctured layers are observed
by scanning electron microscope (SEM) and the thickness of the
eroded layer by arcing is discussed based on the observation. More-
over, by analyzing the footprint of the arc trail, the dependence of
Fig. 2. The temporal evolutions of (a) voltage and (b) current of the specimen.
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ence of the fractal nature are discussed.
2. Experimental setup
Experiments were performed in the linear plasma device NAG-
DIS (NAGoya DIvertor Simulator)-II. Helium plasmas were pro-
duced in steady state by a dc arc discharge using a LaB6 cathode,
which was heated with a carbon ﬁlament. A schematic of cross sec-
tion of experimental conﬁguration is shown in Fig. 1. The plasma
was used to form the nanostructure on the specimen. The plasma
was produced in the source region and the plasma was transported
to the downstream region, where the arcing electrode was in-
stalled, along with the magnetic ﬁeld. The helium neutral pressure
was 2 mTorr at the position where the arcing electrode was lo-
cated. The distance from the source region to the position of the
arc electrode was approximately 1.5 m. Since the diameter of the
anode was larger than the size of the arcing electrode, the arc elec-
trode was not directly connected to the anode along the magnetic
ﬁeld lines; it connected through the plasma, which can diffuse
across the magnetic ﬁeld line. The strength of axial magnetic ﬁeld
produced by solenoid coils was 0.05 T, and the radial diffusion of
the plasma was suppressed by the magnetic ﬁeld and high density
plasmas were formed. The typical electron density and tempera-
ture of helium plasma were measured to be 1.2  1019 m3 and
6.0 eV, respectively, using an electrostatic probe. A tungsten spec-
imen was negatively biased and was located perpendicular to the
downstream of the plasma; the length, width, and thickness of
the specimen was 8.2, 8.3, and 0.2 mm, respectively. Pre-irradia-
tion of helium plasma was conducted to develop the ﬁberform
structure of tungsten on the surface of the target. During the pre-
irradiation, the surface temperature measured with a radiation
pyrometer was approximately 1500 K. The helium ion ﬂux was
approximately 1.2  1022 m2 s1. The surface was electrically
biased negatively and the potential was 83 V with respect to
the space potential of the bulk plasma, which was measured with
the electrostatic probe. The upper part of the specimen was ex-
posed to the helium plasma for 10 min, while the lower part was
exposed for 140 min; the thickness of nanostructure on the upper
part and the lower part was signiﬁcantly different, as shown later
in Fig. 6. Here, we call the upper half of the specimen the thin layer
and the lower half the thick layer. As shown later, from the SEM
micrograph, the thickness of the layer can be estimated to be
1 lm for thin nanostructured layer and 4 lm for thick nano-
structured layer. The helium plasma ﬂuences for both the upper
and the lower half of the specimen were 7:2 1024 and
1:0 1026 m2, respectively. It was discussed in [9] that the ther-
mal conductivity could be decreased by several orders of magni-
tude by the formation of the nanostructures. Concerning the
electrical conductivity, no investigation has been reported yet.
After the pre-irradiation of helium plasma, a ruby laser pulse
irradiated the specimen, whose wavelength, pulse width andΔ
Fig. 1. Schematic of experimental setup in the divertor simulator NAGDIS-II.energy ﬂux were 694 nm, 0.6 ms, and 0:07 MJm2, respectively.
It is remarkable that the energy of the laser pulse was much lower
than that of type-I Edge Localized Modes(ELMs) in fusion reactor
but sufﬁcient for igniting arcing [8]. The fast framing camera was
used for measuring the retrograde motion of arc cathode spots[19].
The motion of arcing spot was detected by the fast framing camera
without the time interval between frames. The temporal resolution
and the spacial resolution of the camera were 100,000 frames per
second and 360 412 pixels, respectively. It should be noted that
the time resolution of measurement in Ref. [19] was better than
the one in the current study. After arcing initiation, the specimen
was taken out immediately and the arc trail was observed by SEM.
3. Experimental results
Fig. 2 shows the temporal evolution of the potential and the
current of the specimen. When arcing was initiated, the target po-
tential increased from 83 to 38 V, and the current increased
from 0.27 to 4.2 A. Just after the arcing was initiated, the mode
of the power supply was shifted from the voltage control mode
to the current controlled mode, and the current of 4.2 A deter-
mined by the power supply. Fig. 3 shows the consecutive CCD
images of the arc spot. The time intervals between the frames in
Fig. 3 were 10 ls. The fast framing camera was operated for
1.2 ms from the initiation of the laser pulse, 0.45 ms in Fig. 2. It
should be noted that the other frames were not shown in Fig. 3 be-
cause the arcing was not recorded. The arc spot on the other frames
was positioned in the back-side of the specimen. The red colored
emission was the laser pulse, and the white colored arc was initi-
ated from the laser irradiated site. The arc spot moved upward
on the specimen, i.e. retrograde direction; the arc spot went
around the specimen. It should be noted that the arc spot shown
in Fig. 3 was positioned on the left side of laser spot after came
back from the back-side to front-side of the specimen. As shown
in Fig. 3, it is remarkable that the arc spot suddenly moved faster
when passing through the boundary, as shown at 1.12–1.15 ms
in Fig. 3. The remained emission of the center shown in Fig. 3
may be the black-body radiation from heated surface due to the
arc spots.
According to the camera images, the position of the arc spot was
identiﬁed and the velocity was calculated. Fig. 4(a) shows the posi-
tion of the arc spot observed by the fast framing camera. As shown
later, the width of the trail increased with the layer thickness; thus,
Fig. 3. Consecutive images of arc spot emission using fast framing camera.
Fig. 4. (a) The positions of the arc spots observed by fast framing camera, and (b)
the velocity of the arc spots along the longitudinal length of the trail 2.
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half of the arc trail ‘‘wide trail’’. The time span between the plotted
points was 10 ls.
After the initiation, the arc spot ﬁrstly ran on the trail 1 in
Fig. 4(a). The arc spot went over the upper edge of the specimen,
and after a few millisecond, the arc spot went over the lower edge
and came back again from the backside to the front-side of the
specimen. The spot then ran on the trail 2 in Fig. 4(a), which corre-
sponds to the images of the arc spots shown in Fig. 3. The velocity
of the arc spots motion along the longitudinal direction is shown in
Fig. 4(b). The velocity jumped from 26 to 220 ms1 at 1.1 ms when
the arc spot passed through the boundary of the nanostructuredsurface shown in Fig. 3 and Fig. 4. The averaged velocities at the
narrow and wide trail were evaluated to be 134 m/s and 20 m/s,
respectively. The velocity at the narrow trail was 6.7 times faster
than that at the wide trail. The results indicated that the arc spot
motion had a signiﬁcant inﬂuence on the width of the arc trail.
Consistent with the previous study [18], the trail width decreased
as the velocity of the arc spot increased. Thus, it is likely that the
arc spot velocity is correlated with the width of the arc trail.
Fig. 5(a) shows the width of the arc trail along the retrograde
direction, namely longitudinal length, which corresponds to z-axis
in Fig. 5(b), and Fig. 5(b) shows the digitized SEM micrograph of
the arc trail 2 in Fig. 4(a). Fig. 5(c) and (d) are the magniﬁed images
for the narrow trail and wide trail, respectively. From the images in
Fig. 5(c) and (d), the width of the single arc trail was 5 lm in the
narrow trail, and 10 lm in the wide trail. It is seen from Fig. 5(a)
and (b) that the trail width alters rapidly as the arc spot moves
across the boundary of the two different parts of the nanostruc-
tured surface. The trail width was evaluated by counting the num-
ber of black dots perpendicular to the z-direction. The trail width
was determined by product of the number of the black pixels
and the pixel width. The average trail width of both parts was cal-
culated to be 330 lm at the wide trail and 82 lm at the narrow
trail, respectively, indicating that the grouping width at the wide
trail was 4 times wider than that at the narrow trail. It is unclear
whether the arc spot grouping shown in Fig. 5(d) results from
one spot jumping around between many locations or many simul-
taneous spots gathered and moved together. It should be noted
that the width might be estimated wider on thin layer because of
zigzag motion of the arc spots [16].4. Discussion
4.1. Comparison with ecton model
Fig. 6(a) and (b) show the SEM images of the cross-sections of
the thin and the thick layer parts, respectively. From Fig. 6(a) and
(b), the thicknesses of nanostructure were estimated to be
0.92 lm for thin layer, and 4.7 lm for thick layer.
Here, we discuss the experimental results on spotwidth and spot
velocity in the context of the ecton model [20,21]. According to this
model, the cathode spot of a vacuum arc consists of individual cells
which are explosive emission centers each carrying a current of a
few amperes. A cathode spot cell has a ﬁnite lifetime; that is, for
an arc discharge to be self-sustaining, conditions must be provided
for the renewal of explosive emission processes. To date, there is no
doubt that such conditions are certainly realized in vacuum arc
cathode spots (see, e.g., [21–23,25,24]). For arcs operating on clean
metal surfaces (cathode spots of the second type), explosive emis-
sion centers are generated as a result of the explosion of liquidmetal
microirregularities interacting with high density cathode plasma.
These microirregularities are produced due to the reactive force of
Fig. 6. The SEM images for cross-section of nanostructured layer: (a) thin layer, (b) thick layer, and cross-section of arc trail: (c) narrow part, (d) wide part on the specimen.
Fig. 5. (a) Grouping width of the arc trail, and (b) the digitized SEM micrographs of arc trail 2 in Fig. 4, and the magniﬁed SEM images of (c) narrow tail and (d) wide trail.
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surface [3,21]. For the case under consideration, the presence of a
nanoﬁber layer on a tungsten surface signiﬁcantly promotes the ini-
tiation of explosive electron emission [26]. The motion of a cathode
spot in an applied tangential magnetic ﬁeld results from sequential
events of formation and decay of individual emission centers, andnewexplosive emission centers are initiatedmostly along the direc-
tion opposite to the direction of the Ampere force.
According to the ecton model, the main source of energy re-
leased in a vacuum arc cathode spot is Joule heating of the cathode
material by high density current ﬂow. For spherically symmetric
destruction of the surface, the radius of the crater formed due to
D. Hwangbo et al. / Results in Physics 4 (2014) 33–39 37Joule heating during the operation of a spot cell is determined as
[3,21]
rex 
ﬃﬃﬃﬃﬃﬃ
ic
2p
r
t
h
 1=4
; ð1Þ
where ic is the cell current, t is the heating time, and h is the speciﬁc
action of current, the quantity that is determined in experiments
with electrically exploded conductors. The cell lifetime for a cath-
ode with a thick nanostructured layer can be estimated as [20,22]
sc  i
2
c
64p2a2h
; ð2Þ
and the crater diameter can be written as
dc  ic
2p
ﬃﬃﬃﬃﬃ
ah
p ; ð3Þ
where a is thermal diffusivity of the cathode material. Eq. (1) con-
tains the quantities a and h whose exact values for nanostructured
tungsten are not known. They can be estimated as follows: it has
been shown [9] that the action of helium plasma on a tungsten plate
reduces the thermal diffusivity of the material in a surface layer of
thickness several micrometers by more than two orders of magni-
tude compared to that of clean tungsten. For clean tungsten at a
temperature over 1500 K, we have a 0.35 cm2/s [27]. For adiabatic
heating of a conductive material by current ﬂow, the speciﬁc action
of current h is given by the action integral [3]
h ¼
Z wcr
w0
qðwÞdw
jðwÞ ; ð4Þ
where wcr is the energy density delivered to the conductor up to its
explosion, q is the density, and j is the resistivity of the material. In
evaluating the action integral, it is generally assumed that the
material density weakly depends on input energy density (temper-
ature) and the resistivity is its linear function. For this case, Eq. (4)
becomes
h ¼ qc
j0
ln
Tcr
T0
; ð5Þ
where c is the heat capacity and j0 is the temperature coefﬁcient of
resistivity.
The speciﬁc action integral for clean tungsten is of the order of
109 Å2 s/cm4 [28]. The density of the nanostructured surface layer
is about 5% of the density of tungsten [29]; therefore, to estimate
dc , we can use h  5  107 Å2 s/cm4. It should be noted that most
likely this is an overestimated value, as the dimensional effects
caused by small cross dimensions of nanoﬁbers are responsible
for an increase in resistivity.
For h  5  107 Å2 s/cm4 and a 3.5  103 cm2/s, Eq. (3) yields
dc  4ic lm. The thickness of a thin and a thick burnable nanoﬁber
layer is, respectively, ldl  1 and ldt  4 lm (see Fig. 6). Thus, for a
cell current of a few amperes, the nanoﬁber layer should com-
pletely burn out in both cases, and this was observed in the exper-
iment (see Fig. 6). The crater width should be 2ld, because the
nanoﬁber layer burns out, and subsequently the spot moves over
plain tungsten containing helium bubbles in small numbers [8];
the lifetime of a spot cell on the surface free of nanostructure is
no more than some tenths of a nanosecond, and the cell has to
move to a new place. Thus, a spot cell becomes wider when the
spot moves over a thick nanoﬁber layer, such that ldt > ldl. In our
study, the single spot width for the thick layer, dct , was measured
to be 10 lm, which is nearly twice the nanoﬁber thickness
ldl  4 lm; however, for the specimen part with ldt  1 lm it was
of the order of 5 lm. It seems that in this case, two spot cells oper-
ated simultaneously, as can be seen in Fig. 6. It should be noted
that the actual grouping width of the arc trace is wider (seeFig. 5) because the nanostructures surrounding the spot cells are
destroyed by the plasma expanding from the cell operation region,
and the spot follows a complicated path.
For the case that the nanoﬁber layer burns out completely, the
cell lifetime can be derived from Eq. (1) on the assumption that
rex  ld:
sl  ð2pÞ
2hl4d
i2c
; ð6Þ
and the spot velocity can be estimated as
v  2ld
sl
 i
2
c
2p2hl3d
; ð7Þ
indicating that v strongly depends on ld. Using Eq. (7), we can write
for a tungsten surface nanostructured with nanoﬁbers of varied
thickness:
v t
v l
 ict
icl
 2 ldl
ldt
 3
: ð8Þ
As can be seen from relation (8), the spot cell velocity ratio de-
pends not only on the thickness of the nanoﬁber layer but also on
the cell current ratio. When a cathode spot goes to the specimen
part with a thinner nanoﬁber layer it is divided into two cells, so
the relation v t=v l  16, which is somewhat greater than the veloc-
ity ratio observed in the experiment. This perhaps is related to the
complicated path of a cathode spot (see Fig. 5). For ldl  1 lm, Eq.
(7) yields a lower cell velocity, i.e. v l  103i2c cm=s, compared to
experimental data due to the overestimated action integral h. It
should be noted that the dependence of the velocity of motion of
a cathode spot and of the cell current on the nanoﬁber layer thick-
ness revealed in this study is also characteristic of vacuum arcs
operating on thin ﬁlm cathodes of varied thickness [30].
4.2. Fractal analysis
One of the methods to characterize the movement of arc spots
is the usage of fractal dimension. In this study, we deﬁne the fractal
dimension as the box-counting dimension. The box-counting
dimension is evaluated using the box counting method [31]; this
method counts the number of black pixels in a circle,MðrÞ, to cover
an object with changing the circle radius, r. The SEM images shown
in Fig. 5 were used for evaluating the fractal dimension by counting
the number of black pixels in the circle. Fig. 7 shows the MðrÞ as a
function of r for narrow and wide trails. From the gradient of the
line, box-counting dimension can be evaluated, which corresponds
to Hausdorff dimension if the object has self-similarity. The thick-
ness of the line represents the uncertainty from the averagedMðrÞ.
It is observed for both two trails that the slope varied with chang-
ing the circle radius, r, representing the self-afﬁne fractal patterns
[32]. Here, we call the fractal dimension for the local scale Dlocal,
and the fractal dimension for the global scale Dglobal.
For the narrow trail, Dlocal was obtained as 1.65 ± 0.04, and Dglobal
was obtained as 1.09 ± 0.03. For the wide trail, Dlocal was obtained
as 2.01 ± 0.01, and Dglobal was obtained as 1.09 ± 0.02. Dlocal for the
narrow trail was considerably smaller than D = 2 and consistent
with the previous studies, the condition of which was almost sim-
ilar at the magnetic ﬁeld strength of 0.1 T [13,14]. Additionally,
Dlocal increased with increasing the grouping width. Considering
the widths of the arc trail along the retrograde direction shown
in Fig. 5(a), Dlocal for the wide trail represents the random motion,
even in the presence of magnetic ﬁeld, within the scale of the trail
width. On the other hand, Dglobal became unity. It is obvious that the
both arc trails globally move to a certain direction, which repre-
sents the effect of magnetic ﬁeld becomes clearer on the global
Fig. 7. Counted box number as a function of the size of the grid for the arc trail
shown in Fig. 5(b).
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sion alters from local motion to global linear motion was larger for
the wide trail compared to the case for the narrow trail.4.3. Increase in erosion rate
Fig. 6(c) and (d) show the SEM images for the cross-section of
the narrow arc trail and the wide arc trail, respectively. In
Fig. 6(c), the sample was observed at an angle of approximately
20 degrees to cross-section of the specimen. The nanostructure
was eroded severely by the arcing, and the thickness of eroded
layer was signiﬁcantly decreased, as shown with a mark in
Fig. 6(c). In previous study, the erosion amount was estimated
from the TEM (transmission electron microscope) images of the
cross-section of the nanostructured tungsten [8]. It was revealed
that the density of the remained nanostructured layer was greater,
though half of the nanostructures were released to the plasma side.
The trail width in Fig. 6(d) was much wider than that in Fig. 6(c).
The thickness of eroded layer was almost the same as the thickness
of the nanostructure, as shown with a mark in Fig. 6(d). It is likely
that the remained tungsten on the arc trail does not signiﬁcantly
alter despite the signiﬁcant difference in the thickness of nano-
structured layer. From the previous studies regarding the erosion
rate due to arcing [33], it was evaluated using the unit of gC1.
Here, we roughly estimate the erosion rates for the thin and thick
layers. The erosion rate for nanostructured tungsten was estimated
to be  1 mg C1 for 1 lm thickness of nanostructure and the
magnetic ﬁeld of 0.1 T [8]. Also, the nanostructure tungsten eroded
after arcing was estimated to be  40% [8]. In this study, for sim-
plicity, we assumed that the porosity of the nanostructure was
constant, and the remained thickness was always 0.2 lm.
For the thin layer, the thickness of nanostructured layer was
same as that of the previous study and was 1 lm. Assuming that
the density of nanostructure was 1/10 of the bulk tungsten [34],
the effective thickness of the eroded layer was roughly 40 nm.
The erosion area per unit time was estimated to be the product
of the global velocity and grouping width, because the grouped
spots globally move as forming a group, though each spot cell
moves randomly in a small scale. As a result, the eroded volume
per second was evaluated to be 40 (nm)  82 (mm)  134 (m/s)
= 4.4  1010 m3/s. Using the mass density of tungsten of
19,000 kg m3, the eroded tungsten by arcing per second was
estimated to be 8.4 mg. In our study, arc current was 4.2 A, so thatthe erosion rate was obtained to be 2 mg C1, which is consistent
with the result of previous study [8].
For the thick layer, on the other hand, from the ratio of the
eroded tungsten of 4.8 lm to the initial thickness of 5 lm, the re-
leased fraction would be estimated to be 90%. Thus, the effective
thickness of the eroded layer for the thick layer was roughly esti-
mated to be 400 nm. Considering the erosion area as the product
of global velocity and the grouping width, the eroded volume per
second was estimated to be 400 (nm)  330 ( lm)  20 (m/s)
= 2.6  109 m3/s. The eroded tungsten by arcing per second was
estimated to be 50 mg, and the erosion rate was estimated to be
as 10 mg C1, which was one order of magnitude greater than
that for thin layer. It was clearly shown that the thicker the nano-
structured layer developed, the greater the erosion rate became.5. Conclusions
In this study, the behavior of arc spots on the nanostructured
tungsten was investigated using the nanostructured tungsten
specimen with a variation in the nanostructured layer thickness.
The velocity of the arc spots signiﬁcantly altered when the thick-
ness of the nanostructured layer varied. The velocity of the arc
spots on the thin layer (thin nanostructure layer) was 6.7 times fas-
ter than that on the thick layer (thick nanostructure layer). From
the observation of the surface of the specimen, the averaged trail
width on the thick layer was 3.3 times wider than that on the thin
layer. It was thought that the difference in the velocities resulted
from the formation of the grouping of arc spots. The changes in
spot velocity and spot width were explained with ecton model.
From ecton model, the velocity of arc spot depends on the thick-
ness of the nanostructured layer and current. The difference in
the spot velocity was explained with the changes in those param-
eters. By using a box-counting method for the digitized images,
fractal dimension was evaluated. The fractal dimension altered in
the range of 1.1–2 for the grouped, wide arc trail, and 1.1–1.65
for the narrow arc trail. The nanostructured layer was estimated
to be 1 lm for the thin layer, and 5 lm for the thick layer.
Moreover, based on the SEM analysis of the cross section of the
samples, the erosion rates for two cases were roughly estimated.
For the thin layer, the erosion rate was estimated to be 2 mg C1.
For the thick layer, the erosion rate was estimated to be
10 mg C1, which was signiﬁcantly greater than that for the thin
layer. The result suggested that the development of nanostructure
layer and the formation of grouping of arc spots would increase the
erosion rate of tungsten by arcing and have negative impact for the
plasma facing materials on the nuclear fusion devices.
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